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Field observations from a heating test conducted on a geothermal energy pile, containing two Osterberg cells, installed in a dense sandy
material are reported. An instrumented pile and two boreholes were installed for this purpose. The pile was heated for various time intervals and
the ground heat response was observed via thermocouples installed at various depths in the two boreholes. A time lag in the diffused heat
wavefront arrival was consistently observed in the borehole farthest from the heat source (i.e. pile). This suggests heat diffused slowly in the
ground and its intensity reduced with distance from the heat source. Heat transfer was affected by the ground stratigraphy. The pile and the
ground were allowed to cool by letting heat dissipate naturally once the heating test was completed. It was found that both the pile and the ground
required at least more than twice the heating time to have full thermal recovery from the heating process. A constant heat exchange rate (or heat
rejection rate) of 100–125 W/m2 was achieved, despite continuous rise in temperature of the pile and the ground.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Geothermal energy piles also known as thermo-active piles are
deﬁned as dual-purpose structural elements. They utilise the
required ground–concrete contact element to transfer the construc-
tion loads to the ground as well as acting as heat exchanger units
(Brandl, 2006; Adam and Markiewicz, 2009). They are similar to
vertical borehole heat exchangers coupled with ground source heat0.1016/j.sandf.2015.10.007
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der responsibility of The Japanese Geotechnical Society.pump (GSHP) systems. The difference is the pile foundations serve
as an integral support to the built structure in addition to heating and
cooling it. Energy pile foundations have great potential to improve
the energy efﬁciency of built structures by using the ground as a
heat source/sink to provide space heating and/or cooling. Therefore,
it is not surprising that their use has received increased interest over
the past decade (Brandl, 2006; DeMoel et al., 2010; McCartney,
2011; Laloui and Di Donna, 2011; Bouazza et al., 2011;
Hemmingway and Long, 2011; Jalaluddin et al., 2011; Amatya
et al., 2012). Consequently a number of studies have been
conducted with the aim of gaining a better understanding of their
geotechnical design and in particular their thermo-mechanical
behaviour (Laloui et al., 2006; Amis et al., 2008; Bourne-Webb
et al., 2009; Amatya et al., 2012; McCartney and Murphy, 2012;
Bourne-Webb et al., 2013; Wang et al., 2013, 2015). However, inElsevier B.V. All rights reserved.
R.M. Singh et al. / Soils and Foundations 55 (2015) 1412–1426 1413addition to the geotechnical design, the heat exchange design is also
required (Loveridge et al., 2014; Yu et al., 2015; Murphy et al.,
2015). An understanding of the relationship between the heat
transfer of the surrounding soils to and from the heat exchanger
within the geothermal energy pile is critical as the knowledge of the
thermal process in the ground and its interaction with the heat
exchanger is needed to determine the amount of energy that can be
extracted from or stored in the ground.
Ground thermal properties can be determined using in-situ
thermal response tests (TRTs) (Mogensen, 1983; Eklof and
Gehlin, 1996; Austin, 1998; ASHRAE, 2001). This is a
common technique used in sizing borehole heat exchangers
(diametersr0.2 m) and determining their thermal resistance
and the ground thermal conductivity. However, Gao et al.
(2008a, 2008b), Watt et al. (2008) and Ma and Grabe (2010)
showed that thermal properties of the ground were not
consistent when TRTs were undertaken for different heat
exchange systems such as geothermal energy piles and bore-
holes. This is due to the fact that the classical analytical
concepts of the inﬁnite line heat source (Carslaw and Jaeger,
1947) and inﬁnite hollow cylindrical source (Ingersoll and
Zobel, 1954) are applicable to borehole heat exchangers but
not to geothermal energy piles as the latter are shorter in length
and larger in diameter. Thus, key parameters that could
inﬂuence the ground thermal properties and heat migration
such as large diameter and ﬁnite length of the piles, their
structural elements (steel cage reinforcement and concrete
compared to cement / bentonite/sand mixture), heat capacity
of concrete, number of pipe loops, distance between the pipes
and their conﬁguration need to be taken into account while
analysing thermal response data using either analytical or
numerical methods. Analytical methods such as ﬁnite line
source method (Eskilson, 1987) and ﬁnite solid cylindrical
source method (Man et al., 2010), up to certain extent,
consider the ﬁnite length, large diameter and heat capacity of
the piles but numerical methods based on ﬁnite difference
(Shonder and Beck, 1999), ﬁnite volume (Yavuzturk and
Spitler, 1999) and ﬁnite element (Ozudogru et al., 2012; Yu
et al., 2015) techniques offer better solutions.
More recently, Loveridge and Powrie (2013) indicated that
methods, such as ASHRAE (2001), that assume a line source
may be valid for small-diameter boreholes but for piled
foundations there are errors for analysis periods of less than a
few days or even months. Furthermore, Loveridge and Powrie
(2013) also highlighted the fact that there are very few data sets
available for veriﬁcation of the thermal design methods for piles
used as heat exchangers and that published case studies often
focus on the heat pump and overall system performance and do
not consider the ground thermal response. Thus, it is very
important to assess the ground response to heating, to determine
the zone inﬂuenced by heating around the pile and the recovery
time needed for temperature to return to the original ground and
pile temperature. This paper reports on ﬁeld observations made
during heating tests conducted on a geothermal energy pile. The
study was part of a thermo-mechanical investigation on thermal
piles currently being conducted at Monash University, Mel-
bourne, Australia. The ﬁeld observation results presented hereinwill provide useful data for numerical investigation of ground
thermal response of thermal piles.
2. Ground conditions at the site
Tertiary aged Brighton Group sediments were encountered
on site. This is an important geological unit of Melbourne
because of its extensive surface coverage of the south-eastern
suburbs of the city (Chandler, 1992). The Brighton Group
comprises two major formations, The Red Bluff Sands and the
underlying Black Rock Sandstone. The Red Bluff Sands are
commonly encountered from the subsurface where they consist
of clays, sandy clays, clayey sands, sands and occasionally
silts. The stratigraphy of the Red Bluff Sands commonly
shows a surface layer of clay or clayey sand with a decrease in
clay content with depth leading into silty sands and sands. It is
generally mottled with red–brown–grey in colour and often
ﬁssured in clays and iron cemented in sands.
Preliminary geotechnical assessment was undertaken by
drilling an 18.6 m deep borehole at the test pile location. Solid
auger and wash boring drilling technique were used for the
upper 4.5 m and remainder of borehole, respectively. Standard
Penetration Testing (SPT) was undertaken at 1.5 m depth
intervals in sandy materials and Pocket Penetrometer (PP)
tests were taken in the recovered U63 tube samples in clayey
materials to assess the in-situ soil strength. There was no
groundwater present at the test pile location. Table 1 sum-
marises the ground conditions encountered during the drilling
of the boreholes. The laboratory thermal conductivity of the
soils recovered during the drilling process was in the range of
1.6 W/m K to 2.2 W/m K depending on their nature (Table 1)
(Barry-Macaulay et al., 2013, 2014, 2015).
3. Pile Details and instrumentation
A 0.6 m diameter bored pile was installed along with a two-level
O-cell testing system to a depth of 16.1 m (Fig. 1). The steel
reinforcement cage consisted of 6 vertical steel bars of 20 mm
diameter held by spiral bars of 10 mm diameter and 250 mm
spacing. The concrete mix used for the pile construction was
supplied by Holcim Australia Pty. Ltd. and achieved 40 MPa
compressive strength after 56 days curing. The installation was
undertaken by solid auger bored pile drilling technique without use
of drilling ﬂuid. No soil collapse or presence of groundwater was
observed during the installation period. Approximately 10 l of
grout was poured into the drilled shaft to provide a level pile base
prior to lowering of the pile reinforcement cage. The drill depth of
the pile shaft was limited to 16.1 m. This constraint was put in
place to prevent damage of the connection joints to the O-cells
during lifting of the pile cage, and primarily restricted by logistical
requirements during transportation of the pile cage to the site and
its storage within the university premises. The O-cells presented
two breaks at their installed locations along the pile shaft, at
approximately 10 m and 14 m below natural ground level (Fig. 1).
Consequently, the pile shaft was divided in three sections, the
10.1 m upper section, the 4 m middle section and the lower 1 m
section at the pile base.
Table 1
Summary of ground conditions during pile drilling.
Depth (m) Soil type Soil description Water content
(%)
Thermal conductivity
(W/m K)a
Heat capacity
(MJ/m3 K)
0.0–1.5 Fill material Silty clay with traces of ﬁne gravel and medium-
coarse grained sand
20–30 – –
1.5–2.5 Sandy clay: Clay containing ﬁne-medium grained sand with
cemented layers
12–19 1.7 2.0–2.7
2.5–10.0 Sand (with traces of
clay)
1. Fine to coarse grained sand
2. Dense from 2.5 to 4 m and very dense from 4 to
10 m
3. Quartz content r65%
5–8 1.6 (at 8 m depth) 1.3–1.5
10.0–16.1 Sand 1. Fine to coarse grained sand
2. Very dense,
3. Quartz content¼93%
2–5 2.0–2.2 (at 12–14 m depth) 1.2–1.4
aBased on laboratory tests on disturbed/remoulded samples.
Fig. 1. Schematic of thermal pile and boreholes.
R.M. Singh et al. / Soils and Foundations 55 (2015) 1412–14261414Three high density polyethylene (HDPE) pipe loops, 25 mm
outside diameter, were attached to the reinforcement pile cage
to carry the heat transfer medium needed for the thermal
loading. The pipes were attached to the inner side of the steel
reinforcement cage and were installed to the top of the lowerO-Cell to a depth of 14.2 m and 50 mm from the edge of the
pile. Due to the limited space within the reinforcement cage,
‘U’ shaped electro-fusion ﬁttings were utilised to form ‘U’
bends at the end of each of the three loops, spacing between
the loops was about 175 mm. Water was used as the medium
Thermal pile BH1 
1 loop test
Outflow 
Inflow 
BH2 
3 loops test
Outflow 
Inflow 
Fig. 3. Thermal pile heating test arrangement.
Table 2
Duration of heating tests and recovery time.
Heating
test name
Starting of
heating test
Ending of
heating test
Loop
length
Duration of
heating test
Recovery
time after
heating test
1-Loop
ST
12:50 p.m. 2:20 p.m. 28.4 m 3 days 5 days
10 October
2011
13 October
2011
3-Loop 3:10 p.m. 11:50 a.m. 85.2 m 9 days 47 days
R.M. Singh et al. / Soils and Foundations 55 (2015) 1412–1426 1415to transfer heat to the ground during heating of the test pile.
Heating of the pile was carried out using a heating unit
commonly utilised to measure thermal properties within
vertical borehole heat exchangers.
The pile was ﬁtted with vibrating wire strain cum temperature
gauges (i.e. gauges which can measure strain and temperature
simultaneously), displacement transducers and pressure gauges to
monitor pile behaviour under thermal and mechanical loading.
The vibrating wire strain gauges were equipped with thermistors
within the body of the sensor to measure temperature variations in
the pile. Both embedment and sister bar vibrating wire strain cum
temperature gauges were used. The embedment strain gauges
were 153 mm long and the sister bars strain gauges were equipped
with a 12 mm diameter reinforcement bar with a length of
1384 mm. Fig. 1 presents the locations of various strain cum
temperature gauges installed within the energy pile. It can be
noticed that most of the strain cum temperature gauges were
installed between the two O-cells as that part of the pile was
considered critical for the static load testing. It is to be noted that
the main aim of the project was to identify the key parameters
affecting the thermo-mechanical behaviour of the pile. Therefore
the locations of the thermistors were governed by the assessments
of the strains, no thermocouples were installed on the
HDPE pipes.
Two boreholes (BH1 and BH2) of 100 mm diameter located
0.5 m and 2 m respectively, from the edge of the pile were
drilled to depths of 18.6 m and 16.1 m respectively. The
boreholes were ﬁlled with cement slurry made with 40 kg
cement and 1000 l of water and then thermocouples attached to
a hollow plastic pipe (25 mm outer diameter and 2 mm wall
thickness) were placed at the centre of each borehole. The
cement slurry entered into the hollow plastic pipe through the
bottom open end and therefore no air was left in the pipe. The
ﬁrst thermocouple was installed at 2 m from the ground surface
and subsequent thermocouples were placed at every 2 m
distance from each other as shown in Fig. 1.ST 18 October
2011
27 October
2011
3-Loop
LT
12:10 p.m. 3:40 p.m. 85.2 m 52 days 92 days
13 December
2011
3 February
20124. Site temperature proﬁle
In-situ temperature proﬁling was conducted at the pile ﬁeld
test site over a period of 12 months (from December 2012 to0
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Fig. 2. Undisturbed ground temperature in year 2012–13.November 2013). Only 1 day of every month of monitoring is
reported in this paper. Temperatures proﬁling are presented for
the 8th of every month at 12 pm.
Monitoring of ground temperature variation (Fig. 2) indi-
cates that the temperature of the surface zone (approximately
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Fig. 4. Heat transfer ﬂuid temperature during 1-Loop ST heating test.
R.M. Singh et al. / Soils and Foundations 55 (2015) 1412–14261416shallow zone (2–4 m) are inﬂuenced by short term ambient
temperature changes. The sudden damping of temperature at
2 m is caused by insulating effect of the ﬁll material covered
by grass (Table 1). Temperature deviation from the average
temperature (i.e. 18 1C) at 2 m depth varies by 73.5 1C, at
4 m by72 1C and at 6 m by 71 1C. These variations begin to
diminish upon reaching a depth greater than that of the shallow
zone. Beyond 8 m (deep zone) temperatures are relatively
constant (17.5–18.5 1C) and are unaffected by seasonal tem-
peratures changes making them suitable for geothermal energy
pile systems. These observations are consistent with the range
of temperatures reported by Cull (2009) and Bouazza et al.
(2011) for the state of Victoria and Melbourne (15–18 1C).
5. Heating tests
A heating test was carried out using a thermal response unit
supplied by GeoExchange Australia. The unit consists of a
water reservoir and a pump, four heating elements (three
1500 W and one 2500 W), a data logger, a control box, one
inlet and one outlet for the heating ﬂuid. The data logger
monitored and recorded inﬂow and outﬂow temperature of the
heating ﬂuid, the power applied to the heating ﬂuid and15
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Fig. 5. Pile temperature response to 1-Loop ST heating tesinterval times of the recorded data. The water pump was
equipped with a variable ﬂow valve to control speed of ﬂow.
The ﬂow rate of the heating ﬂuid was manually measured and
recorded at the end of thermal testing. Three heating tests were
carried out on the pile. One heat test was carried out by
circulating the heat transfer ﬂuid through one loop of absorber
pipes. This loop was the closest to the boreholes (Fig. 3) and
was heated for 3 days. The test is referred herein to as 1-Loop
ST, where ST means short term. The purpose of the 1-Loop
heating test was to simulate a scenario where two out of the
three loops were no longer operational. Two heating tests were
carried out by transporting the ﬂuid through all three loops in a
continuous series within the pile (Fig. 3). For this series, tests
were conducted on short term or ST (9 days) and long term or
LT (52 days) basis. They are referred to as 3-Loop ST and 3-
Loop LT, respectively. Inﬂow and outﬂow temperature of the
heat transfer ﬂuid and the pile concrete temperature were
recorded continuously during the heating periods. The test pile
and the ground were cooled naturally by stopping the ﬂuid
circulation and letting the induced heat dissipate into the
surrounding environment following each heating test. The
subsequent heating test did not start until the temperature
readings within the pile returned, as close as possible, to their8 10 12 14
e (days)
EMB 1 (5.4m) EMB 2 (5.4m)
EMB 3 (6.4m) EMB 4 (6.4m)
SIS 1 (8.2m) SIS 2 (8.2m)
SIS 3 (11.7m) SIS 4 (11.7m)
EMB 5 (11.6m) EMB 6 (11.6m)
EMB 7 (12.5m) EMB 8 (12.5m)
SIS 5 (13.2m) SIS 6 (13.2m)
EMB 9 (13.3m) EMB 10 (13.3m)
30 35 40 45
ure (ºC)
Start of test
End of test
2 days after
end of test
5 days after
end of test
Time lag 
t (a) transient temperature and (b) temperature proﬁle.
R.M. Singh et al. / Soils and Foundations 55 (2015) 1412–1426 1417initial temperatures. The time and duration of each heating test
are summarised in Table 2 together with the recovery time
allowed for the ground to return to its normal temperature. All
three heating tests were subjected to a heat ﬂux of approxi-
mately 2500 W throughout the heating periods. A constant
ﬂow rate of approximately 10 l/min of the heat transfer ﬂuid
was also maintained during the heating periods of the all three
heating tests. The ﬂow rate was measured at the end of each
heating test using a container of known volume and a stop
watch with an uncertainty of 75%.
6. Results and discussion
6.1. Heating test: 1-Loop ST
Transient temperature of hot water ﬂowing in and ﬂowing
out the heat exchanging loop is presented in Fig. 4. At the end
of the heating test the temperature of the water going into the
loop reached 50.5 1C and 46.5 1C leaving the loop. During the
test, the water temperature at the inlet and outlet kept
increasing as constant heat energy was provided to the water.
At the start of the test there is no temperature difference15
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Fig. 6. Ground temperature response of BH1 to 1-Loop ST heatbetween the water entering and leaving the loop as the heat
takes some time to overcome the resistance of the absorber
pipe walls and the heat capacity of the pile material. Once the
resistance and heat capacity were overcome the temperature
difference (ΔT) reached 5 1C in one day and then dropped to
4 1C (target ΔT) and remained constant until the end of the
heating test. The drop in temperature difference from 5 1C to
4 1C was caused by a slight reduction in the ﬂow rate. Heat
exchange rate of the energy pile was calculated using the
constant average ﬂow rate (10 l/min), volumetric heat capacity
of water (4.18 MJ/m3 K), ﬂuid temperature difference and
surface area of the energy pile (26.76 m2). It is to be noted
that surface area of the energy pile was calculated using the
pile length of 14.2 m (i.e. length of the pile where the loops
were located). The heat exchange rate of the energy pile is
shown in Fig. 4. The heat exchange rate is higher in the
beginning up to 1 day where it averages about 125 W/m2, then
reduces to 101 W/m2 later during the test. The higher heat
exchange rate in the beginning was achieved due to the larger
ﬂuid temperature difference (i.e. slow ﬂow rate). However, the
heat exchange rate was calculated using a constant ﬂow rate of
10 l/min, which was measured at the end of the test. This6 8 10 12
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R.M. Singh et al. / Soils and Foundations 55 (2015) 1412–14261418produced an error of 20% in the earlier estimate of the heat
exchange rate of 125 W/m2. This suggests that the earlier ﬂow
rate should have been about 8 l/min if it is back-calculated
considering an error of 20%.
Fig. 5(a) shows the pile thermal response to the 1-Loop ST
heating test. The embedment strain cum temperature gauges are
referred to as EMB while the sister bars are referred to as SIS and
are identiﬁed by a number and depth between the brackets. The
pile temperature increased unevenly during the one loop heatingtest and decreased after the heating test was stopped. It is to be
noted also that at locations 8.2 m (SIS 1), 11.7 m (SIS 3) and
13.2 m (SIS 5) the temperature peaked with some time lag and the
temperature increase was the lowest. This is due to the fact that the
temperature gauges were located away from the loops with SIS 1,
SIS 3 and SIS 5 being the farthest from the loop. This is further
conﬁrmed by Fig. 5(b) which presents the pile temperature proﬁle
during the heating test and its thermal recovery time after the
heating test is completed. The strain cum temperature gauges
showing the highest temperature at the end of the heating test were
installed closest to the loop. As indicated earlier, the gauges were
installed in pairs and in the opposite direction at various locations.
Therefore the gauges closest to the loop showed the highest
temperature increase compared to the gauges farthest from the
loop. Therefore, it is advisable to install the gauges next to the pipe
loops, and if possible attach the to the surfaces in future studies.
Furthermore, the fact that only one loop was utilised for the heating
led to non-uniform heating of the pile as evidenced by the
temperature proﬁle along its length. The non-uniform heating
may cause bending strains in the pile. The pile cooled down after
the heating test was stopped and its temperature dropped
uniformly. The temperature drop after 2 days was larger than
compared to 5 days from the test stoppage. Therefore the pile
R.M. Singh et al. / Soils and Foundations 55 (2015) 1412–1426 1419cooled down quickly in the beginning as the surrounding colder
ground absorbed the heat but as time passed the temperature of the
nearby ground increased and its capacity to absorb heat decreased.
It can be noticed that the pile temperature after 5 days of cooling
did not return to its initial temperature before the test. The
temperature difference between the initial conditions and 5 days
cooling after completion of the heating test is about 2 1C. This
indicates that 5 days was not enough to have full natural thermal
recovery for a heating test of 3 days duration even with only one
loop used.
The ground thermal response observed in BH1 is shown in Fig.
6. The temperature in BH1 began to increase approximately 6 h
after the heating test was started and continued to increase at a
steady rate throughout the heating period (Fig. 6(a)). The peak
temperatures were reached approximately 6 h after heating ended
within the energy pile. The time lag in reaching peak temperature
indicates that the heat wave takes time to travel from the heat
source to the surrounding soils. The one loop heating test raised the
ground temperature in BH1 by 3 1C to 5.3 1C.
Fig. 6(b) presents the temperature proﬁle observed in BH1
during the heating test and after it was completed. The ground
temperature in BH1 increased at almost every location at the
end of the heating apart from 16 m. It is to be noted that the15
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Fig. 9. Pile temperature response to 3-Loop ST heating tesheat exchanging loop has a length of 14.2 m and therefore the
ground temperature at 16 m was not inﬂuenced by the heating
test. However, this can happen only if the heat movement
occurs in a radial direction. At the end of the test, the highest
temperature increment of 5.3 1C occurred at a depth of 12 m:
this can be attributed to the presence of very dense sand
containing a very high quartz content (93% content) which had
a high thermal conductivity (Table 1). The lower temperature
increase at 10 m depth is possibly due to the discontinuity in
the energy pile caused by the presence of the ﬁrst O’cell at that
level. The BH1 temperature decreased uniformly along the
depth with time after the heating test termination. The BH1
temperature after 5 days cooling did not return to the initial
value recorded before the heating test, there is a 2 1C
difference between the two conditions which is similar to
what was observed in the thermo-active pile.
Transient ground temperature of BH2 is presented in Fig. 7(a).
In contrast to BH1 the temperature in BH2 did not change at all
during the heating test. This is because the heating test duration
was short and BH2 was located slightly far from the thermal pile.
The temperature proﬁle in BH2 is shown in Fig. 7(b). It is
interesting to observe that although the temperature did not change
during the heating test, a small increase in temperature occurred30 40 50 60
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R.M. Singh et al. / Soils and Foundations 55 (2015) 1412–142614202 days after completion of the heating test and the temperature then
remained the same after 5 days of cooling. This indicates that heat
took 2 days after the heating test to reach BH2 but with less impact
than observed in BH1.
6.2. Heating tests: 3-Loop ST
The transient temperature of circulating water in the heat
exchanging loops and heat exchange rate of the energy pile
during the 3-Loop ST heating test are shown in Fig. 8. The
maximum temperature of water entering and leaving the loops
reached 41 1C and 36 1C, respectively, at the end of the heating
test which was much lower than the 1-Loop ST test. The three
loops test used 3 times the amount of loop length used by the one
loop test which resulted in more surface area available for heat
dissipation and a lower temperature of circulating water. The loop
length of 85.2 m was used in the 3-loop test while 28.4 m loop
was employed during the 1-loop test. The temperature difference
between water entering and leaving the loops is 5 1C and this
remained the same throughout the test. The average heat
exchange rate of the energy pile was 122 W/m2, which is higher
than the previous 1-loop ST test due to the higher temperature
difference possibly caused by lower ﬂow rate of about 8 l/min15
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Fig. 10. Ground temperature response of BH1 to 3-Loop ST heaestimated after back calculation.
Fig. 9(a) presents the pile transient temperature in response
to the 3-Loop ST test. The temperature was found to increase
at all locations within the pile during the heating test and to
decrease steadily after the test was stopped. No time lag was
observed, as the temperatures reached their peak values at
exactly at the same time when the test was completed. This is
because the thermal pile was heated uniformly during the 3-
Loop ST test, whereas it was heated non-uniformly during the
1-Loop ST test.
Fig. 9(b) shows the pile thermal proﬁle at different times.
The highest temperature (35 1C) was recorded at locations
where the temperature gauges were closest to the loops while
the lowest temperatures (31 1C) were observed away from the
loops. The sister bar gauges show lower temperature compared
to the embedment gauges because they are longer and capture
the temperature range for a larger portion of the pile. The
temperature decreases rapidly and uniformly 5 days after the
heating test is completed. There is a lesser temperature fall
after 10 and 20 days from the test stoppage compared to 5 days
cooling period. There is a full thermal recovery after 20 days
as the temperature reaches the initial values observed before
the heating test (i.e. temperatures recorded 5 days after cooling30 40 50 60
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time used for the heating test to have full natural thermal
recovery. After 47 days of cooling, the pile returned fully to
the temperature levels recorded before any heating test took
place on the site (i.e. temperature proﬁle similar to ground
temperature proﬁle).
Transient ground temperature variation of BH1 during the 3-
Loop ST test is presented in Fig. 10 (a). The maximum
temperature of 26 1C was observed at 12 m depth at the end ofthe heating test (see reasons below). Furthermore, the tem-
perature reached maximum values at all locations at the end of
heating test and therefore no time lag was observed. The
temperatures started to decrease as soon as the heating test was
stopped. This indicates an immediate ground thermal response
during and after the heating test. Fig. 10(b) shows the thermal
proﬁle of BH1 at selected time periods. The shape of thermal
proﬁles remains the same for all the selected time periods. This
indicates uniform ground thermal response to the heat test at
all depths. The 3-Loop ST test raised the ground temperature
in BH1 by 5 1C to 7 1C at every location except at 14 m and
16 m. As noted earlier the loop was extended to 14.2 m and the
ground temperature increased up to a depth of 14 m. One can
conclude from this observation that the heat moved predomi-
nantly in a radial direction. Again the highest temperature
increase at the end of the heating test occurred at 12 m depth
where the quartz content is the highest. Lower temperatures
increase at 2 m and 4 m depths are due to lower air temperature
during the test duration. As indicated earlier, the ground
temperature is affected to a large extent by ambient air
temperature to the depth of 4 m. The temperature drop is
higher 5 days after cooling compared to 10 days cooling. Heat
dissipated faster in the beginning after the heating was stopped.
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days cooling. Therefore the ground recovery took twice the
time of the heating test duration as observed earlier within the
pile. Full thermal recovery based on natural heat dissipation
(i.e. return to original ground temperatures prior to any heating
tests) took 47 days to complete. It is to be noted that the
ground temperature decreases after 47 days at every location
apart from 2 to 4 m depth. This is due to the effect of solar
radiation as the test was performed in the summer.
The ground temperature response in BH2 is shown in Fig. 11(a).
The temperature does not increase immediately following the start
of the heating test. Changes in temperatures were ﬁrstobserved
5 days after the heating tests were completed as the heat wave
reached BH2. A peak temperature of 19 1C was recorded at 12 m
depth. Thermal proﬁle shown in Fig. 11(b) presents additional
information on the ground thermal response to the heating test and
ground thermal recovery. While there was little increase in the
ground temperature during the heating test, the maximum increase
in temperature occurred 5 days after the completion of the heating
test, as discussed earlier. The ground temperature increased by 1 1C
to 2 1C at every depth apart from 16 m. As explained earlier, heatmoves predominantly in a radial direction and the loop length was
14.2 m which resulted in no temperature change at 16 m depth.
The ground temperature started to decrease 10 days after the
heating test was stopped. The ground thermal recovery in BH2 was
slow as temperatures returned to their original values at deeper
locations only after 47 days of cooling. The ground temperature
near the surface at 2 m and 4 m was affected by solar radiation, as
discussed earlier.
6.3. Heating test: 3-Loop LT
The temperature of circulating water entering and leaving
the three heat exchanging loops and heat exchange rate during
the 3-Loop LT test are shown in Fig. 12. The 3-Loop LT
heating test was carried out for 52 days. Once the heating test
was completed, the ground was left to recover thermally,
through natural heat dissipation, for 92 days. The maximum
temperature of water entering and leaving the three loops
reached 48 1C and 44 1C, respectively, at the end of the
heating test. Higher temperatures were achieved at the end of
the heating during the long term test compared to the 3-Loop
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test was about 96 W/m2. The heat exchange rate is similar to
the other two tests and falls within the 75% of uncertainty in
ﬂow rate measurements. It is to be noted that a constant heat
exchange rate was achieved during each heating test despite
the rise in pile and ground temperatures.
The pile temperature response is presented in Fig. 13. The
transient temperature results presented in Fig. 13(a) suggest
that the pile temperature increased immediately and steeply at
the start of the heating test as the pile and surrounding ground
were cooler and could absorb more heat. However, as the
temperature of the pile and the surrounding ground were raised
and could not absorb more heat, the temperature increment
increased steadily at a slow rate. The temperature immediately
decreased once the heating test stopped. The decrease was
quick and steep but steadied after 40 days of cooling and
continued to decrease at a small rate until the end. Thermal
proﬁle of the pile at various selected time intervals are
presented in Fig. 13(b). The maximum temperature of 41 1C
was recorded by the gauges located at 5.4 m, 12.5 m and13.3 m at the end of the heating test. These gauges were the
closest to the loops. The highest temperature decrease was
recorded 5 days after cooling started and became slower
beyond this cooling period. The pile temperature did not
return to the initial value recorded prior to the start of the
heating test even after 92 days of natural cooling. This
indicates that heat in the pile did not dissipate completely
during the allowed recovery time.
Fig. 14(a) presents the ground transient temperature varia-
tion in BH1 during and after the 3-Loop LT heating test. The
pile was heated for a longer period than in the other two cases
reported in this paper. The ground responded immediately to
the temperature changes during the heating or cooling process.
There was a time lag of about 5 days in response to the heating
test at 16 m depth. In previous tests there was no change in
temperature observed at this depth. However, the increase in
ground temperature at 16 m depth was not as signiﬁcant
compared to the other depths as the absorber pipes were only
installed to 14.2 m depth within the pile. This means that while
most of the heat movement took place in a radial direction,
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vertical directions. Fig. 14(b) shows the thermal proﬁle
observed in BH1 at various time intervals. The ground
temperature increased by 13–14 1C between 2 m and 12 m
depth, by 9 1C at 14 m depth and by 1.5 1C at 16 m depth after
the heating test was completed. The highest increase of 14 1C
at the end of the heating test was at a depth of 12 m, where, as
indicated earlier, the soil was very dense and had a very high
quartz content. Interestingly, a high increase also occurred at
2 m depth, but in this particular case it was caused by higher
ambient air temperature as the test was performed during
summer time. A lower increase in temperature at 10 m depth
compared to 8 m and 12 m is again due to discontinuity in the
energy pile structure caused by the load cell. There was a large
temperature drop 5 days after the heating test was completed
and subsequently the temperature drop slowed down. The
ground temperature recovered 50% in about 15 days, but full
recovery was not achieved even after 92 days cooling.
Fig. 15(a) presents the ground transient temperature varia-
tion with time in BH2. Temperature rise was observed at every
location including 16 m. There was a time lag of 3 days for theheat wavefront to reach BH2. The peak temperatures were
achieved 3 days after the heating test stopped. The peak
temperature of 25 1C recorded at 2 m depth was probably
caused by the combination of solar radiation and the heating
process. The temperature proﬁle of BH2 at selected time
periods is shown in Fig. 15(b). At the end of the heating
period, the ground temperature increased by 6 1C at every
location up to a depth of 12 m, by 4 1C at 14 m and by 1 1C at
16 m depth. At the end of the recovery period of 92 days of
cooling, the ground temperatures were still higher than the
initial ground temperatures. This suggests that the recovery
time of 92 days was not enough for full recovery from the
heating test carried out for 52 days. The results shows the
ground temperature at BH1 increased and decreased more
rapidly than at BH2 during and after the heating test. It is to be
noted that as the heating test was performed in summer, the
ground temperature at 2 m depth may have increased slightly
due to the ambient air temperature. This observation is
consistent with the undisturbed ground temperature measure-
ment presented earlier. Salient observations of the three
heating tests are summarised in Table 3.
Table 3
Salient outcomes of the heating tests.
One loop
test
Three loops
short term
test
Three loops
long term
test
Maximum water temperature
entering the loop at end of heating
(1C)
50.5 41 48
Maximum water temperature
leaving the loop at end of heating
(1C)
46.5 36 44
Average heat exchange rate (W/m2) 125 and
101
122 96
Maximum temperature
increment at end of
heating (1C)
Pile 19.1 17.3 23.8
BH1 5.3
@12 m
7.0 @12 m 14.0 @12 m
BH2 0.5 1.6 @12 m 6.5 @12 m
Minimum temperature
increment at end of
heating (1C)
Pile 7.4 13.9 20.9
BH1 0 @16 m 0 @16 m 1.4
BH2 0 0 @16 m 1.2
Time lag in arrival of heat
wavefront (days)
Pile 0.3 0 0
BH1 0.5 0 0
BH2 Not
arrived
4 5
50% thermal recovery
(days)
Pile 1 3 5
BH1 3 5 15
BH2 – 20 35
Full thermal recovery
(days)
Pile – 20 –
BH1 – 20 –
BH2 – – –
R.M. Singh et al. / Soils and Foundations 55 (2015) 1412–1426 14257. Conclusions
This study presents the results of heating tests carried out on
a bored cast in-situ geothermal energy pile of 600 mm
diameter. The ground response was observed by two boreholes
installed at 0.8 m and 2.3 m from the centre of the thermal pile.
The pile and boreholes were instrumented to measure the
thermal response of the pile and the ground. The pile had
3 heat exchanging loops and two load cells (O-cells). Two
types of heating test were carried out: the ﬁrst using only
1 loop and the second using all 3 loops. The heating tests were
run for various days and a cooling time (i.e. recovery time)
was allowed after each heating test. The 1-Loop test led to the
non-uniform distribution of heat within the pile and did not
have as much effect on the ground response as the 3-Loop
uniform heating tests. The highest temperature increase in
ground temperature was observed at a depth of 12 m during all
the heating tests. This is because of the presence of a very
dense sand layer with a very high quartz content. A time lag in
the heat wavefront arrival was observed, and this was more
pronounced with increasing distance from the heat source (i.e.
pile). The pile and the ground required at least more than twice
the heating time to thermally recover fully from the heating
process without using a cooling process and returned to the
original temperatures recorded prior to the start of the heating
tests. The presence of the O-cell at 10 m depth caused a
discontinuity in the pile structure hence inﬂuenced the heat
transfer in all the heating tests. Heat exchange rate of thethermal pile relied directly on temperature difference of ﬂuid
and ﬂow rate and was not affected by the rising ground
temperature. This suggests that a geothermal energy thermal
pile can provide a constant heat exchange rate irrespective of
the ground temperature.
Acknowledgements
This study was part of a larger research program on
geothermal energy piles funded by Sustainability Victoria,
Vibropile Pty. Ltd., Golder Associates Pty. Ltd., GenesisNow,
GeoExchange Australia Pty. Ltd. (Grant ID 4678), and
supported under the Australian Research Council’s Linkage
Projects funding scheme (Project number LP120200613).
Their support is gratefully acknowledged.
References
Adam, D., Markiewicz, R., 2009. Energy from earth-coupled structures,
foundations, tunnels and sewers. Géotechnique 59 (3), 229–236.
Amatya, B.L., Soga, K., Bourne-Webb, P.J., Amis, T., Laloui, L., 2012.
Thermo-mechanical behaviour of energy piles. Geotechnique 62 (6),
503–519.
Amis, T., Bourne-Webb, P., Davidson, C., Amatya, B., Soga, K., 2008. The
effects of heating and cooling energy piles under working load at Lambeth
College, UK. In: Proceedings of the 11th Interntional DFI Conference,
New York, article no. 1620.
ASHRAE, 2001. Investigation of methods for determining soil and rock
formation thermal properties from short-term ﬁeld tests. ASHRAE 1118-
TRP report. American Society of Heating, Refrigerating and Air-
Conditioning Engineers, Atlanta.
Austin, 1998. Development of an in-situ system for measuring ground thermal
properties (M.Sc. thesis). Oklahoma State University, Stillwater,
Oklahoma.
Barry-Macaulay, D., Bouazza, A., Singh, R.M., Wang, B., Ranjith, P.G., 2013.
Thermal conductivity of soils and rocks from the Melbourne (Australia)
region. Eng. Geol. 164, 131–138.
Barry-Macaulay, D., Bouazza, A., Singh, R.M., Wang, B., 2014. Thermal
properties of some Melbourne soils and rocks. Aust. Geomech. J. 49 (2),
31–44.
Barry-Macaulay, D., Bouazza, A., Wang, B., Singh, R.M., 2015. Evaluation of
soil thermal conductivity models. Can. Geotech. J. Can. Geotech. J. 52http:
//dxdoi.org/10.1139/cgj-2014-0518.
Bouazza, A., Singh, R.M., Wang., B., Barry-Macaulay., D., Haberﬁeld., C.,
Chapman., G., Baycan., S., Carden., Y., 2011. Harnessing onsite renewable
energy through pile foundations. Aust. Geomech. 46 (4), 79–90.
Bourne-Webb, P.J., Amatya, B., Soga, K., 2013. A framework for under-
standing energy pile behaviour. Proc. Inst. Civ. Eng. Geotech. Eng. 166
(2), 1–8.
Bourne-Webb, P.J., Amatya, B.L., Soga, K., Amis, T., Davidson, C., Payne,
P., 2009. Energy pile test at Lambeth College, London: geotechnical and
thermodynamic aspects of pile response to heat cycles. Geotechnique 59,
237–248.
Brandl, H., 2006. Energy foundations and other thermo-active ground
structures. Geotechnique 56 (2), 81–122.
Carslaw, H.C., Jaeger, J.C., 1947. Heat Conduction in Solids. Claremore Press,
Oxford.
Chandler, K.R., 1992. Brighton group-engineering properties. In: Peck, W.A.,
Neilson, J.L., Olds, R.J., Seddon, K.D. (Eds.), Engineering Geology of
Melbourne, Balkema, Rotterdam, Netherlands, pp. 197–203.
Cull, J., 2009. Ground Temperature Proﬁles in Victoria (Personnal
communication).
DeMoel, M., Bach, P., Bouazza, A., Singh, R.M., Sun, O., 2010. Technolo-
gical advances and applications of geothermal energy pile foundations and
R.M. Singh et al. / Soils and Foundations 55 (2015) 1412–14261426their feasibility in Australia. Renew. Sustain. Energy Rev. 14 (9),
2683–2696.
Gao, J., Zhang, X., Liu, J., Li, K.S., Yang, J., 2008a. Numerical and
experimental assessment of thermal performance of vertical energy piles:
an application. Appl. Energy 85, 901–910.
Gao, J., Zhang, X., Liu, J., Li, K.S., Yang, J., 2008b. Thermal performance and
ground temperature of vertical pile-foundation heat exchangers: a case
study. Appl. Therm. Eng. 28, 2295–2304.
Eklof, C., Gehlin, S., 1996. TED – A Mobile Equipment for Thermal Response
Test (Master's thesis). Lulea University of Technology, Lulea, Sweden 198
E.
Eskilson, P., 1987. Thermal analysis of heat extraction boreholes (Doctoral
thesis). Department of Mathematical Physics, University of Lund, Sweden.
Hemmingway, P., Long, M., 2011. Energy foundations-potential for Ireland.
In: Proceedings of Geo-Frontiers 2011, Dallas, USA, pp. 460–469.
Ingersoll, L.R., Zobel, O.J., 1954. Heat conduction with engineering and
geological applications, Second ed. McGraw-Hill, New York.
Jalaluddin, E., Miyara, A., Tsubaki, K., Inoue, S., Yoshida, K., 2011.
Experimental study of several types of ground heat exchanger using a
steel pile foundation. Renew. Energy 36, 764–771.
Laloui, L., Di Donna, A., 2011. Understanding the thermo-mechanical
behaviour of energy piles. Proc. Inst. Civ. Eng. 164, 184–191.
Laloui, L., Nuth, M., Vulliet, L., 2006. Experimental and numerical investiga-
tions of the behaviour of a heat exchanger pile. Int. J. Numer. Anal.
Methods Geomech. 30 (8), 763–781.
Loveridge, F., Powrie, W., 2013. Pile heat exchangers: thermal behaviour and
interactions. Proc. ICE-Geotech. Eng. 166 (GE2), 178–196.
Loveridge, F., Powrie, W., Nicholson, D., 2014. Comparison of two different
models for pile thermal response test interpretation. Acta Geotech. 9,
367–384.
Ma, X., Grabe, J., 2010. Field test of a geothermal system in Hafen City
Hamburg. In: Proceedings of GeoShanghai, ASCE Geotechnical Special
Publication No. 204, 2010, pp. 159–166.
Man, Y., Yang, H., Diao, N., Liu, J., Fang, Z., 2010. A new model and
analytical solutions for borehole and pile ground heat exchangers. Int. J.
Heat Mass Transf. 53, 2593–2601.McCartney, J.S. 2011. Engineering performance of energy foundations.
Proceedings of the 14th PanAmerican Conference on Soil Mechanics and
Geotechnical Engineering, Toronto, Canada, 16p (CD-Rom).
McCartney, J.S., Murphy, K.D., 2012. Strain distributions in full scale energy
foundations. DFI J. 6 (2), 26–38.
Mogensen, P., 1993. Fluid to duct wall heat transfer in duct system heat
storages. In: Proceedings of International Conference Subsurface Heat
Storage in Theory and Practice, pp. 652–657.
Murphy, K.D., McCartney, J.S., Henry, K.S., 2015. Evaluation of thermo-
mechanical and thermal behavior of full-scale energy foundations. Acta
Geotech. 10 (2), 179–195.
Ozudogru,T., Brettmann, T., Olgun, C.G., Martin II, J.R., Senol, A., 2012.
Thermal conductivity testing of energy piles: ﬁeld testing and numerical
modeling. In: Proceedings of GeoCongress, pp. 4436–4445.
Shonder, J.A., Beck, J.V., 1999. Determining effective soil formation thermal
properties from ﬁeld data usinga parameter estimation techqnique. ASH-
RAE Trans. 105, 458–466.
Wang, B., Bouazza,A., Singh,R.M., Barry-Macaulay, D., Haberﬁeld, C,
Chapman, G.Baycan, S. 2013. Field investigation of a geothermal energy
pile. Proceedings of the 18th International Conference on Soil Mechanics
and Geotechnical Engineering, Paris, France, pp. 3415–3418.
Wang, B., Bouazza, A., Singh, R.M., Haberﬁeld, C., Barry-Macaulay, D.,
Baycan, S., 2015. Post-temperature effects on shaft capacity of a full scale
geothermal energy pile. J. Geotech. Geoenviron. Eng., 141; http://dx.doi.
org/10.1061/(ASCE)GT.1943-5606.0001266 04014125-1.
Watt, E., Suckling, T.P., Lennon, D.J., 2008. Energy piles in Scotland. In:
Proceedings of the 5th International Symposium Deep foundations on
bored and auger piles, Ghent, Belgium, pp. 349–355.
Yavuzturk, C., Spitler, J.D., 1999. A short time step response factor model for
vertical ground loop heat exchangers. ASHRAE Trans. 105 (2), 475–485.
Yu, K.L., Singh, R.M., Bouazza, A., Bui, H.H., 2015. Determining soil
thermal conductivity through numerical simulation of a heating test on a
heat exchanger pile. J. Geotech. Geol. Eng. 33 (2), 39–252.
